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Molecular breeding techniques to improve egg quality 
Abstract 
Since the release of the chicken genome sequence in 2004 (Hillier et al., 2004), the tool box available for 
genetic improvement of the multiple traits that define egg quality has improved tremendously. That initial 
sequence has been revised and improved several times with Gallus_gallus-4.0 now available in multiple 
publicly accessible websites. An improved Gallus_gallus-5.0 version is soon to be released. Genome 
sequence comparisons between mammalian and avian species have allowed for the identification and 
subsequent annotation of genes, and initiated the understanding of the functions of the genes and the 
interdependent relationships between the thousands of genes that comprise multicellular organisms'. The 
recent sequencing of multiple breeds of chickens, both research and commercially utilized lines, revealed 
the presence of millions of genetic variants and resulted in the development of a commercially available 
chip that can simultaneously query 600000 single DNA base sequence variants (Kranis et al., 2013). 
Numerous methodologies are now available that allow for detection of gene expression in specific 
tissues or relative gene expression between different treatments or individuals (Rapaport et al., 2013). To 
aid in the analysis of the large amounts of genetic information that is generated, various computer 
programmes have been developed that allow for the integration and eventual application of this 
information into a breeding programme (Wolc et al., 2016). 
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1 Introduction 
Since the release of the chicken genome sequence in 2004 (Hillier et al., 2004), the tool 
box avai lable for genetic improvement of the multiple traits that define egg quality has 
improved tremendously. That initial sequence has been revised and improved several 
t imes with Gallus_gallus-4.0 now available in multiple publicly accessible websites. An 
improved Gallus_gallus-5.0 version is soon to be released. Genome sequence comparisons 
between mammalian and avian species have allowed for the identification and subsequent 
annotation of genes, and init iated the understanding of the functions of the genes and the 
interdependent relationships between the thousands of genes that comprise multicellular 
organisms'. The recent sequencing of multiple breeds of chickens, both research and 
commercially utilized lines, revealed the presence of millions of genetic variants and 
resulted in the development of a commercially available chip that can simultaneously query 
600000 single DNA base sequence variants (Kranis et al., 2013). Numerous methodologies 
are now available that allow for detection of gene expression in specific t issues or relative 
gene expression between different treatments or individuals (Rapaport et al., 2013). To 
aid in the analysis of the large amounts of genetic information that is generated, various 
computer programmes have been developed that allow for the integration and eventual 
application of this information into a breeding programme (Wolc et al., 2016). 
http://dx.doi.org/10.19103/AS.2016.0012.19 
C Burleigh Dodds Science Publishing Limited. 2017. All rights reserved. 
384 Molecular breeding techniques to improve egg quality 
Molecular breeding methodologies for improvement of egg quality traits can be 
broadly divided into two different, but interconnected approaches. The whole-genome 
approach involves an extensive examination of the entire genome, encompassing 
genome-wide association studies (GWAS) and genomic selection. Targeted (single gene) 
genetics encompasses a more focused view of the variation at individual genes and the 
specific effects of these variants on the traits of interest. These two methods feed into each 
other; the whole-genome approach identifies genomic reg ions that influence the t ra its of 
interest, which then allows focus to be placed on the smaller subset of genes within those 
regions. These two approaches can be subsequently combined through gene expression 
and pathway analyses to develop an integrated understanding of the genetic control of 
the multiple tra its that influence egg quality in commercial production. 
There are two aspects of egg-quality tra its, external and internal quality. External egg 
quality involves the size and shape of the egg, as well as the structure, thickness and 
strength of the shell (Bain, 2005) but also shell colour (both intensity and its surface 
d istribution), as the world market for eggs has been clearly d ifferentiated into white and 
brown eggs. External quality is critica l for mainta ining egg integrity during transportation 
and for maintaining food safety by providing protection from bacterial infestation. Internal 
egg quality involves quality of the albumen, measured in the Haugh units (HU) (Haugh, 
1937), the relat ive size and composition of the various internal components and the 
integrity of the vitelline membrane. Internal quality has an impact on the egg's suitab ility 
for processing, as well as on consumer appeal. For both internal and external quality, the 
absence of defects is also important (e.g. fishy taint and blood and meat inclusions). The 
quality aspects that are economically important have been under genetic improvement 
for decades, but more recently the trait measurements have become more accurate and 
increasingly sophisticated. In addit ion, with the development of molecular tools, marker-
assisted selection or genomic selection can be used to more effectively improve egg 
quality. Molecular technology tools such as gene editing have also been tested to produce 
chickens that lay eggs with unique properties such as ovalbumin knockouts (Park et al., 
2014). 
In th is chapter, we will review how egg quality can be improved through selection and 
how this process can be enhanced using molecular information. Molecular methods wil l 
be separated into two major approaches: whole-genome methods including GWAS and 
genomic selection, and detailed studies of specific candidate genes as identified from 
either genome-wide studies or gene function and pathways studies, though information 
from these two methods is very much integrated. 
2 Whole-genome methods to improve egg quality 
Selection for egg quality was traditionally based on combining pedigree information 
and multiple individual performance records collected at various ages. These methods 
assumed that egg quality is influenced by many genes, each with a very small effect 
(infinitesimal model) and environmental factors. With the recent availability of molecular 
information , much insight has been gained into the genetic determination of these traits. 
Numerous GWAS have identified reg ions of the genome associated with variation in 
the different egg quality traits. These regions are called quantitative trait loci (QTL), as it 
is presumed that they contain genes that influence the quantitative traits. Several review 
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articles have summarized QTL studies in the chicken that include multiple egg quality 
tra its (Abasht et al., 2006; Vilkki, 2007; Sazanov et al., 2010). However, the field is rapidly 
changing and new studies are reported every year. Published animal QTL studies are 
summarized and available in a publicly accessib le database (www.animalgenome.org}. 
The information presented in Table 1 is current as of 8 December 2015. This database 
includes 41 studies published between 2002 and 2015 and summarizes 458 genomic 
locations associated with egg quality. The greatest number of QTL was found on 
chromosomes 2, 4 and Z. Chromosome 4 is the fourth largest in the chicken genome, 
containing 9% of the genetic material, yet it contains 14% of the reported QTL. This 
chromosome is particularly interesting because of reports from multiple populations and 
breeds that it contains QTL influencing both egg weight and the relative size of various 
egg components. 
Earlier QTL studies utilized microsatellite markers with sparse coverage, generally 
between 200 and 400 markers. This made it difficult to narrow the region containing the 
QTL, resulting in large regions containing putative QTL. With the recent development of 
the publicly avai lable 600000 single nucleotide polymorphisms (SNPs} chip (Kranis et al., 
2013), genomic locations influencing traits of interest can be located more precisely. More 
accurate identification of narrower genome regions allows for more focused candidate 
gene investigations. The usefulness of QTL information for breeding programmes depends 
on the size of the OTL effect, its frequency within specific population and the distance 
from the identified marker to the causative mutation (Dekkers and van der Werf, 2007; 
Lahav et al., 2006). For traits determined by many genes with small effects, individual 
markers provide limited support to selection decisions. In contrast, genomic selection 
methods that consider the whole genome simultaneously are more applicable. One of 
the aspects that must be considered is that the same marker may have a different effect in 
different genetic backgrounds (different breeds or lines} and under different environmental 
conditions (Rome et al., 2015). Thus, validation within the target population is necessary 
before implementing marker-assisted selection. 
2.1 Egg production 
Saleable egg production is the single most important trait in selection of layers and 
also a basis for any egg-quality measurements. It is a function of oviposition rate and 
egg quality. Despite its low-to-moderate heritability (Nurgiartiningsih et al., 2005; Wolc 
et al., 2012), egg production has shown remarkable response to selection over the past 
two decades. Analysis of the trend in egg production in commercial crosses shows an 
improvement of 4.9 and 3.6 eggs per hen per generation for white shell and brown shell 
layers, respectively (Anderson and Havenstein, 2012). Egg production shows unfavourable 
genetic correlations with some quality tra its, such as egg weight and shell strength (Wolc 
et al., 2012). 
GWAS for egg production (Atzmon et al., 2008; Wardecka et al., 2002; Goraga, et al., 
2012; Goto et al., 2011 ; Hansen et al., 2005; Liu et al., 2011; Sasaki et al., 2004; Schreiweis 
et al., 2006; Tuiskula-Haavisto et al., 2002, 2004; Wolc et al., 2014; Yuan et al., 2015; 
Zhang et al., 2015), defined either as egg number or production rate, have identified 
regions associated with this trait on almost every chromosome of the chicken (Table 1), 
with each region explaining a relatively small proportion of genetic variance. This supports 
the hypothesis of the complex, polygenic nature of this trait. Yuan et al. (2015) identified 
over 300 genes within 1 Mb from SNPs significantly associated with egg production and 
C Burleigh Dodds Science Publishing Limited. 2017. A ll rights reserved. 
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Table 1 Su m mary of QTL associated w ith egg qua lity included in www.animalgenome.org dat abase 
chrl chr2 chr3 chr4 chrS chr6 chr7 chr8 chr9 chrl0 chrl 1 chrl 2 chr13 chr14 
Albumen height 8 5 2 5 10 2 
Albumen% 4 
Albumen weight 6 3 
Haugh units 2 11 4 
Total albumen 10 18 3 10 11 10 2 
quality 
Egg shell colour 7 6 2 17 5 
Egg shell 2 
lightness 
Egg shell 2 3 
percentage 
Egg shell 2 3 
redness 
Egg shell 2 3 2 
yellowness 
Total shell colour 5 10 9 9 5 18 4 5 3 
Shell stiffness 2 4 2 2 2 
Shell strength 4 2 3 2 2 2 
Shell thickness 4 6 6 2 3 
Shell weight 2 2 2 3 
Specific gravity 
Total shell 9 17 6 10 5 5 2 7 4 2 5 3 6 
strength 
Yolk colour 2 2 2 3 3 
Yolk height 3 
Yolk index 7 
Yolk weight 5 5 3 3 3 2 
Total yolk quality 7 4 2 9 4 16 4 2 
Egg shell shape 2 2 
Long length of 
egg 
Short length of 
egg 
Total egg shape 4 2 2 2 
Egg weight 9 5 22 5 2 3 5 8 3 2 
Blood and meat 
spots 
Egg aftertaste 
Total egg quality 39 60 17 65 24 14 19 39 48 8 11 10 2 12 
Egg production 13 15 17 7 9 3 7 3 6 2 
Chr size (Mb)• 195 149 110 90.2 59.6 35 36.2 28.8 23.4 19.9 19.4 19.9 17.8 15.2 
*Chromosome size in Mb according to http://www.ncbi.nlm.n ih.gov/genome/111 . 
© Burleigh Dodds Science Publishing Limited, 2017. All rights reserved. 
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based on their known function suggested general transcription factor IIA (GTF2A 1), claspin 
(CLSPN), phenylalanyl-tRNA synthetase (FARSB), KIM 1549 and calmodul in 1 (CALM1) to 
be potential candidate genes. A GWAS by Zhang et al. (2015) using Jinghai Yellow Chicken 
identified fibulin 5 (FBLNS) gene in proximity of SNPs associated with egg number. 
3 Improving external egg quality 
3.1 Egg size 
Egg weight is a trait for which neither extreme is desired. Small eggs have a low market 
value and neither small nor very large eggs are suitable for automatic packing equipment. 
A lso, extreme egg sizes result in poor hatchability in both pure lines and crossbred hens 
during the multiplication process (grandparent and parent stocks) to produce commercial 
layer hybrids. Furthermore, very large eggs can have decreased shell quality and may 
cause welfare problems by inducing oviduct prolapse in the hens. Negative correlations 
between large egg size and other traits have been reported, including tota l egg numbers 
and chick hatchability (Nurgiartiningsih et al., 2005; Ab iola et al., 2008). Egg weight has 
moderate to high heritab ility (Nurgiartiningsih et al., 2005, Wolc et al., 2011 b), which allows 
for high accuracies of estimated breeding values, even with traditional pedigree-based 
analysis. Further complications with breeding for optimal egg weight are that egg weight 
increases with age of birds (Shalev and Pasternak, 1993) and measurements at d ifferent 
ages are highly correlated. This makes it difficult to increase early egg weight without 
excessive weight increases at older ages. A study looking at repeated measurements of 
egg weight across ages showed that the genomic regions with the largest effects show 
the same direction of effects at d ifferent ages. The presence of a polygenic component 
was suggested in the same study (Yi et al., 2015). One approach to optimize egg weight 
profile is to use methods that exploit information on the weight trajectory such as random 
regression models (Arango et al., 2009). Direct selection could be applied to egg weight 
uniformity, but this tra it has lower heritability than egg weight (Wolc et al., 2011 a, 2012). 
The use of genomic information further improves accuracy of predicting breeding values 
for egg weight (Wolc et al., 2011 b) and also allows prediction of heterosis for egg weight 
in different line crosses (Amuzu-Aweh et al., 2015). 
Egg weight is a trait with the largest number of entries in the ch icken QTL database 
among egg quality traits - 80 reported QTL (as of 8 December 2015). Although many 
OTL mapping studies are specific to the experimental populations in which they were 
discovered, the OTL for egg weight on chromosome 4 has been independently identif ied 
in multiple studies (Goraga et al., 2012; Tuiskula-Haavisto et al., 2002; Sasaki et al., 2004; 
Schreiweis et al., 2006; Wolc et al., 2012; Yi et al., 2015). The exact causative mutation 
is not yet confirmed, but several positional candidates have been suggested, including 
non-SMC condensin I complex, subunit G (NCAPG) (Yi et al. , 2015) and cholecystokinin A 
receptor (CCKAR) (Dunn et al., 2013). 
3.2 Egg shape 
The oval shape of eggs has been long known to contribute to the resistance of eggs 
to breaking, with egg shape accounting for 15-35% of variability in crushing strength 
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(Richards and Swanson, 1965). In a summary of several hatchability studies, Narushin 
and Romanov (2002) concluded that eggs with normal shape hatch better than either 
elongated or rounded eggs. Within the normal range, rounder eggs tend to have lower 
hatchability than elongated eggs, with a genetic correlation between shape index and 
hatchability of 0.19-0.32 (Cavero et al., 201 1). In a comparison between historic versus 
modern strains, Anderson et al. (2004) showed that modern strains produce eggs that 
are more round. This change in shape may be an indirect effect of selection for shell 
strength, which has been shown to be genetically correlated to shape index and has been 
under selection for multiple generations (Blanco et al., 2014). GWAS studies for egg shape 
index, egg width and egg length identified significant associations with chromosomes 4, 
7, 8, 10, 12 and Z (Sasaki et al., 2004; Hansen et al., 2005; Goto et al., 2014a). 
3.3 Shell quality 
Eggshell is a complex bioceramic, with the structure consisting of crystal minerals and 
specific proteins, all of which must work in concert to produce a correctly crystall ized 
and mineralized shell within the hen oviduct every 24 hours. The eggshell protects the 
integrity of the egg from external forces and, together with the cuticle, provides a barrier 
against microbes. It is also an important structure that allows gas exchange, and provides 
the minerals to form the bone structures of the developing embryo. Shell quality can be 
measured in multiple ways, including shell specific gravity, weight, thickness, breaking 
strength and dynamic stiffness (Bain, 2005; De Ketelaere et al., 2004). The heritability 
of shell strength was est imated to be moderate to high (Dunn et al., 2005; Blanco et al., 
2014). Most OTL reported for shell quality also impacted one or more of the following five 
categories of shell traits: shell weight (Wardecka et al., 2002; Liu et al., 2011), shell th ickness 
(Wright et al., 2006; Goto et al., 2014a; Rosochacki et al., 2013), shell percentage (Fan et al., 
2013), shell strength (Sasaki et al., 2004; Abasht et al., 2009; Tuiskula-Haavisto, 2011, Wolc 
et al., 2014) and shell stiffness (Tuiskula-Haavisto et al., 201 1 ). There are overlaps of OTL 
locations between studies of shell quality, with chromosomes Z, 2, 4 and 8 most frequently 
found to be associated with shell-quality traits. Based on GWAS, three positional candidate 
genes inositol 1,4,5-trisphosphate receptor 2 (/TPRZ), phosphatidylinositol-4-phosphate 
3-kinase 2 gamma (P/K3C2G) and NCAPG were suggested to explain variation in shell 
quality by Sun et al. (2015b). OTL regions identified by Wolc et al. (2014) supported the 
involvement of secreted phosphoprotein 1 (SPP1), ovalbumin (SERPIN) and parathyroid 
hormone (PTH) in the regulation of shell strength. 
3.4 Shell colour 
The colour of the eggshell does not affect the nutritional value of eggs, but there are 
definit e regional market preferences for consistently white or brown shell eggs. Uniform 
dark brown colour desired for brown eggs can be achieved by selection, thanks to a 
moderate to high heritabi lity of the trait (Arango et al., 2006). Factors affecting shell 
colour in brown-egg layers were recently reviewed by Samiullah et al. (2015). The most 
common objective measures of shell colour are based on the combination of three 
aspects: lightness, spectra in the red-green scale and yellow-blue scale, which may be 
reported as separate traits (Sasaki et al., 2004; Uemoto et al., 2009; Goto et al., 2014a) 
or combined into an index representing a single colour va lue (Wardecka et al., 2002; 
Schreiweis et al., 2006; Wolc et al., 2014; Wragg et al., 2012). In some markets, in addition 
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to colour intensity, incidence of speckles in brown eggs is considered an important egg 
quality trait. Sometimes, though, eggs showing speckles are considered as not suited for 
retai l sale and are diverted to the further process industry at a significantly lower value. 
For individual colour components, consistent OTL have been reported on chromosomes 
1, 5, 6 and 11. Shell colour OTL mapping studies have been performed using variation 
between local African breeds (Wragg et al., 2012), designed crosses (Schreiweis et al., 
2006; Wardecka et al., 2002) or within commercial populations (Fulton et al., 2012; Wale 
et al., 2014). Chromosomes 2, 4, 6, 12 and 20 were most commonly reported to carry shell 
colour OTL. 
4 Improving internal egg quality 
4.1 Albumen quality 
Albumen quality determines foaming and whipping properties and thus the usefulness 
of an egg for industrial processing (Silversides and Budgell, 2004). Albumen quality is 
known to deteriorate with both age of the hen and storage time of the egg (Monira et al., 
2003) and also with increasing storage temperature. Both pedigree and marker-based 
heritabilities were estimated to be around 0.3 (Wolc et al., 2014). The presence of heritable 
variation in this trait was confirmed by significant changes in albumen height obtained 
following divergent selection experiments (Poggenpoel, 1982). The most commonly 
used measurement is HU, which is a function of albumen height and egg weight (Haugh, 
1937). Multiple OTL regions influencing albumen quality have been reported and include 
chromosomes 1, 2, 4, 7, 8, 9 and Z (Abasht et al., 2009; Honkatukia et al., 2013; Wolc et al., 
2014; Hansen et al., 2005; Liu et al., 2011 ). On chromosome 1, a OTL with parent-of-origin 
specific expression was found by Tuiskula-Haavisto et al. (2004). Causative mutations were 
not identified, but two positional candidates have been suggested by Wolc et al. (2014), 
including polypeptide N-acetylgalactosaminyltransferase 1 (GALNT1), a gene responsible 
for phosphorylation of proteins that is located in a OTL region on chromosome 2 (also 
identified as a signal for signature of selection (Li et al., 2012), and ovotransferrin gene 
(TF) located on chromosome 9 that encodes one of the most abundant egg white proteins 
(Mann, 2007). 
4.2 Yolk quality 
Yolk is the egg component with a high nutritional value, containing vitamins and 
micronutrients (Vieira, 2007). In the food-processing industry, yolk solids are positively 
correlated with mayonnaise force (Jones and Musgrove, 2006). Yolk weight heritability is 
estimated to be moderate and correlated with egg weight (Wolc et al., 2014; Zhang et al., 
2005). Wolc et al. (2014) found the same major OTL to affect yolk weight at different ages, 
which is consistent with the high genetic correlation between different measurements of 
this trait (Wolc et al., 2015). On the other hand, Sun et al. (201 Sa) found that significant loci 
at different ages did not overlap despite very high genetic correlations between yolk weight 
measured at different ages. Thus, whether the OTLs are consistent or age-dependent may 
be population specific. OTL mapping studies of yolk quality have evaluated yolk colour 
(Goto et al., 2014b) and size (Sun et al., 201 Sb; Goto et al., 2014b; Wale et al., 2014; Liu 
© Burleigh Dodds Science Publishing Limited, 2017. All rights reserved. 
Molecular breeding techniques to improve egg quality 391 
et al., 201 1; Wardecka et al., 2002). Most of the reports pointed to chromosomes 1, 2, 4, 
5, 8, 9 and Z. The largest QTL influence on yolk weight is on chromosome 4, but this may 
be a reflection of OTL at the same location for egg weight. 
Multiple positional candidates, including DOT1-like histone H3K79 methyltransferase 
(DOT1 L), stonin 2 (STON2'}, galactosylceramidase (GALO, replication protein A2 (RPA2'}, 
breast cancer 2 (BRCA2'}, zygote arrest 1 (ZAR1), echinoderm microtubule associated 
protein like 4 (EML4), potassium channel, voltage-gated modifier G3 (KCNG3), elongation 
factor RNA polymerase II (ELL), ENSGALG00000028314, RGS3F (Sun et al., 2015a) and 
apovitellenin 1 (APOV1), insulin-like growth factor 1 (IGF1), progesterone receptor (PG/?) 
and activin receptor (ACVR1) (Wolc et al., 2014), were identified near the estimated OTL 
positions. 
4.3 Blood and meat spots 
Blood spots are inclusions attached to the yolk surface or the thick albumen and are 
produced by micro-haemorrhages during ovulation (Solomon, 1997). Meat spots are 
mainly due to t issue detritus released from the oviduct epithelium as the egg migrates 
downwards. Like shell colour, blood spots do not change egg quality but may affect the 
perception of the product, and in some cultures, eggs that contain inclusions are not 
acceptable for consumption. The frequency of blood spots in modern layers is generally 
low, but there is large variability between breeds and strains (Honkatukia et al., 2011 ). Only 
recently, inline egg graders can automatically detect b lood inclusions during egg grading 
of white eggs. Accurate detection requires breaking the egg and inspecting the inside. 
However, historically, incidence of both types of internal inclusions (blood and meat) have 
been much higher in brown-egg lines and varieties than in White Leghorns, which make 
all the white-egg varieties (Jesus Arango, personal communication). Heritability estimates 
are low, but successful selection experiments have been performed (Noda et al., 2007). 
Honkatukia et al. (2011) and Uemoto et al. (2009) reported associations with frequency of 
b lood and meat spots on chromosomes 1, 2, 4, 9 and Z. Rome et al. (2015) reported QTL 
on chromosomes 3, 8, 12, 20, 24 and Z, three of which showed significant interaction with 
diet. Variations found in t ight junction protein ZO-2 (T JP2) and micro RNA gga-mir-1556 
(Honkatukia et al., 2011) were identified to predispose egg layers to blood and meat spot 
defects. 
5 Genomic selection 
Genomic selection relies on using whole-genome information to predict breeding values of 
animals rather than trying to pin down some specific genomic regions. Medium (~40-60K) 
to high-density (600K) SNP chips combined with imputation from low-density panels can 
be used for cost-efficient implementat ion of genomic selection (Wang et al., 2013). The 
main advantages confirmed in selection experiments include increase in the accuracy of 
estimated breeding values, especially for animals without their own phenotype (i.e. sex 
limited traits, within family selection for roosters or traits expressed late in life). These 
advantages translate into greater response to selection (Misztal et al., 2013; Heidaritabar 
et al., 2014; Wolc et al., 2015), the possibility of restructure breeding programmes (Hsu et 
al., 2015) and reduction of generation intervals (Wolc et al., 2015). Much of the genomic 
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Figure 1 Relative change in accuracy of breeding values by including genomic information. 
AH, albumen height; BS, breaking strength; KDYN, dynamic stiffness; C3, ECO, LCO, shell colour of 
first three eggs, at early and late age; E3, EEW, LEW, egg weight of first three eggs, at early and late 
age; EYW, LYW, yolk weight at early and late age. 
selection research is done within b reeding companies, with the results kept proprietary. 
Only one published study (Wolc et al., 2011 b) has compared the accuracies of traditional 
pedigree based versus genomic breeding values for egg quality. The observed increase 
in accuracy was reflected in higher responses to selection in the genomic selected line 
compared to the pedigree-selected line in a multigenerational selection experiment. This 
improvement was seen for mult iple traits, including egg weight, yolk weight, albumen 
height and shell colour (Wolc et al., 2015). Specific changes in the accuracy of genomic 
breeding values relative to the accuracy of pedigree-based breeding values for egg quality 
traits in one white and one brown line are shown in Fig. 1 (unpublished data). For almost 
all traits, genomic breeding values were more accurate than pedigree-based breeding 
values, with a more clear advantage in the white line, in which more genotypes were 
available. To benefit from these improved accuracies, genomic selection has already been 
implemented by major poultry breeding companies (see review by Wolc et al., 2016). 
6 Targeting candidate genes for particular traits 
The chicken genome sequence provides the basic information needed for the detailed 
examination of individual genes. Based on the function of genes determined from multiple 
species (comparative genomics), genes with potential to influence the tra its of interest 
can be identified. These candidate genes are then investigated in more detail. The QTL 
studies previously mentioned identify regions of the genome in which DNA-level variation 
exists that can influence the traits studied, thus narrowing the area on which to focus 
efforts at understanding genetic influence on traits. 
Variations in the DNA sequence can be identified from re-sequence information using 
unique lines or from variation reported within public databases (e.g. http://www.ncbi.nlm. 
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nih.gov/snp). Several types of variations are found in DNA. The most common genetic 
variants studied are single nucleotide polymorphisms (SNPs) due to recent development 
of numerous rapid and inexpensive detection methods. These SNPs can occur with in 
genes and may either change the coded protein, with a subsequent effect on the function 
of the gene, or be a 'silent mutation' with no d iscernible effect on the protein sequence. 
Variation near genes or within the non-coding segments of the gene may affect regulation 
or expression of the gene, which can resu lt in small changes in the amount of protein 
produced. These small changes can subsequently contribute to variation in the trait. 
Recently, 1 S million SNPs identified from commercially utilized lines (both meat and egg 
type stocks) and experimental lines have been reported (Gheyas et al., 2015). These SNPs 
were analysed to determine their location relative to known genes and their potential 
effect on both function and gene expression. This resource is likely to be rapidly utilized for 
the study of candidate genes that impact the multiple traits of interest for egg production. 
Studies have been conducted to identify associations between variants within or near 
candidate genes and specific traits by using local or indigenous breeds of chickens or 
interbreed crosses. Frequently, the number of b irds evaluated is low and the subset of 
b irds with favourable variation is even lower. The identified associations may be breed 
specific, with the phenotypic effects being due to a combination of factors, including 
other genetic variations unique to the breed. Thus, caution needs to be applied when 
interpreting these results to apply globally to other chicken lines and breeds. 
Early studies investigated the specific effects of only one or two genetic variants with in 
or nearby to a gene, with many of these variants not predicted to change the encoded 
protein. Analysis of multiple SNPs with in a gene allows for the identification of gene 
haplotypes (specific combinations of SNP variants that occur together on a chromosome) 
enabl ing a more thorough examination of the genetic variability found within a line. This 
multiple SNP analysis has become possible as the methodologies for detection of DNA 
variation have evolved to allow more rapid and inexpensive SNP detection. 
In the following sections, examples of single gene variation and their reported effects on 
various egg-quality and production-related traits are summarized. 
6.1 Egg production 
Broody behaviour of chickens results in cessation of egg production and is related to 
the release of the hormone prolactin (Wilkanowska et al., 2014). The prolactin gene 
(PRL) and the prolactin receptor gene (PRLR) are potential candidate genes for control 
of broodiness (Dunn et al., 1998). Variation within both PRL and PRLR has been reported 
and investigated for potential effects on egg production tra its. By using a local Blue-shell 
chicken breed, an association was found between variation with in the promoter region 
of PRL and broodiness (Jiang et al., 2005). An association between other PRL promoter 
region variants and egg production was also reported in a local breed intercross (Cui 
et al., 2006). Neither of these studies report informat ion on egg-quality traits. Associations 
of variation within the PRL promoter and HUs, albumen proportion and yolk index were 
reported in White Leghorn hens (Bhattacharya et al., 2011a,b). The PRLRgene is found on 
chromosome Zand is within OTL regions that are associated with shell strength (Tuiskula-
Haavisto et al., 2011) blood and meat spots (Honkatukia et al., 2011) and egg weight 
(Wolc et al., 2012; Tuiskula-Haavisto., 2002). 
Dopamine and the dopamine receptors are known to influence prolactin levels and 
thus can also play a role in broody behaviour (Youngren et al., 2002). The dopamine D2 
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receptor gene (DROZ) was examined for genetic variants in six indigenous chicken breeds. 
Multiple SNP variants were identified and significant association with broody traits was 
found for some SNP (Xu et al., 2010). 
6.2 External egg quality 
Through in-depth proteomics studies of eggshells and their associated membranes, 
mult iple proteins and their correspond ing genes involved with eggshell production have 
been identified (Marie et al., 2015). Each of these genes is a potential candidate for 
further investigation of gene variation that can influence the multip le egg-quality t raits 
of interest. The examples given below show the depth of variation found in different 
populations for many of these genes. While primarily showing influences on various 
eggshell quality t ra its, many of these gene variants were also shown to affect other 
internal egg q uality t raits. 
Variation in eggshell organic matrix genes and additional genes involved with the 
maintenance and funct ion of the shell g land were studied in Rhode Island Red hens 
(Dunn et al., 2009). Multiple significant associations were found between variation in 
these selected genes, includ ing ovocleidin-11 6 (MEPE) with shell th ickness and stiffness, 
ovocalyxin-32 (OCX3Z) with mammillary layer thickness, osteopontin (SPP7) with fracture 
toughness and ovalbumin with breaking strength and shel l thickness. Subsequent testing 
showed associations between variation in these genes and eggshell crystal size and/or 
orientation (Dunn et al., 2011 ). 
In hybrid chickens produced by crossing White Leghorn and Rhode Island Red breeds, 
variants in OCX32 were found to be associated with shell colour, egg production and 
meat spots (Uemoto et al., 2009). The gene was examined in more detai l in eight 
commercially utilized egg layer pure lines, including in White Leghorn, Rhode Island 
Red and White Plymouth Rock breeds (Fulton et al., 2012). Multip le variants were found 
in this gene, resulting in 19 different OCX32 protein variants across all lines. Many of 
these protein variants were line or breed specific. Significant associations were found 
between OCX32 gene variation and several egg-production and egg-quality traits, 
including puncture score, egg weight , albumen height, shell colour and yolk weight. 
These associations between OCX32 gene variation and trait were not seen for every 
line, confirming that caution must be applied in inferring similar relationships across 
multiple lines. 
There are multiple ion t ransport proteins within the avian uterus with variable levels 
of expression depending upon the stage of shel l formation (Jonchere et al., 2012). 
Variation in several genes from the sodium channel gene family (SCNN 1) was found to 
be associated with multiple shel l-quality traits, including eggshell strength, thickness and 
weight in White Leghorn hens (Fan et al., 2013). The sodium channel, non-voltage-gated 
1 alpha gene SCNN1a is located on chromosome 1 within a OTL region associated with 
albumen height (Wolc et al., 2012). An analysis of the variation within 15 ion transport 
genes was conducted with Rhode Island Red hens (Duan et al., 2015). Eggshell tra its 
measured included shell strength, shell weight and shell th ickness. Significant associations 
were found between SNP variation in eight of these genes and eggshell properties. 
Other genes found to contain variants that affect eggshell traits include PTH, which is 
involved with calcium homeostasis, ornithine decarboxylase (ODO, which is a key enzyme 
for polyamine synthesis, growth hormone receptor (GHR) and insulin-like growth factor 1 
(IGF-1) (Jiang et al., 2010; Parsanejad et al., 2004; Li et al., 2010). 
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6.3 Internal egg quality 
The elimination of the defect causing fishy taint in eggs is a perfect example of the 
application of molecular genetics techniques to improve internal egg q uality. Fishy taint 
odour is due to the accumulation of trimethylamine (TMA) in the yolk. It occurred in brown 
eggshell-laying breeds when fed with rapeseed meal or high levels of choline. Defects 
in the FMO3 (flavin-containing mono-oxygenase 3) gene are known to cause fishy body 
odour in humans (Dolphin et al., 1997) and fishy taint in cow's milk (Lunden et al., 2002). 
Sequence information for the FM03 gene of fishy taint-affected birds revealed genetic 
variation that affected the functional enzymatic pocket, rendering the altered FM03 
protein incapable of converting the malodorous TMA into the odourless form (Honkatukia 
et al., 2005). Birds with th is genetic defect deposited the TMA in their egg yolk, result ing 
in the fishy odour. Genetic tests were developed to detect th is variant and the fish taint 
defect has subsequently been eliminated from major commercially utilized brown-egg 
shell varieties. 
Low-density lipoprotein receptor proteins (LRPs) play central roles in cholesterol 
metabolism, transport and cellu lar signalling (Stolt and Bock, 2006) and th us are considered 
strong candidate genes for influencing egg yolk quality. The restricted ovulator (R/O) 
defect was discovered within a commercial egg production line in hens descended from 
a single sire. These hens failed to lay eggs and had excessive serum levels of cholesterol 
and trig lycerides. Genetic analysis determined that the defect was due to a single change 
in a gene subsequently called LRB (Elkin et al., 2012). This single genetic change results 
in lack of LR8 protein in the oocyte's plasma membrane, with subsequent fa ilure of uptake 
of both very low-density lipoprotein and vitellogenin into the growing yolk follicle (Stifani 
et al., 1990). The ovarian follicles of R/O hens fail to mature or develop a normal follicular 
hierarchy (Elkin et al., 2012). Variation in the low-density lipoprotein receptor genes (LRP2 
and LRP8) was investigated in a dwarf line of layers. No relationship was found between 
SNP within either gene and yolk weight or yolk ratio, though an effect of LRPB was seen 
for yolk colour (Yao et al., 2010; Zhang et al., 2011). 
Cathepsin D (CTSD) is an aspartic protease important for the processing of egg yolk 
within the follicle (Retzek et al., 1992). Associations between two SNP in th is gene and 
yolk weight and height were reported in the Shandong breed of chickens (Sheng et al., 
2013). 
7 Gene expression and regulation 
The thousands of genes that constitute the chicken genome do not work independently. 
They work together within genetic regulatory networks of interacting genes that influence 
gene expression. Proteomics is the study of large numbers of proteins, all of which may be 
expressed at specific times or in specific t issues. By combining information from genetic 
networks and from proteomic studies of specific t issues of interest, understanding can 
be gained on the phase when genes are turned on or off, in which t issues this occurs, 
in addit ion to providing insights into how this can affect various traits of interest for egg 
production. 
Regulation of expression of specific genes within the oviduct has been shown to be 
associated with mechanical strain due to the presence of the egg. Genes regulated in this 
way include SPPN, Na-K-ATPase and glypican-4 (Lavelin et al., 1998, 2001 , 2002). Specific 
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oviduct localization of genes and their expressed proteins has been studied for SPPN 
(Hincke et al., 2008) and collagen X (Wang et al., 2002). 
There are several reviews of gene processes related to oviduct and egg protein and 
all of these point to genes of interest and exemplify the application of molecular biology 
tools to aid in understanding the multiple complex processes of eggshell development. 
The proteins of the ovalbumin gene family are important proteins found in egg yolk, egg 
white, vitelline membrane and egg shell. The gene structures, regulation and expression 
and protein function of ovalbumin genes were summarized by Da Silva et al. (2015). The 
mechanisms and regulation of ca lcium transport that are critical in the rapid transportation 
required for the production of the egg shell in the intestines and eggshell gland of birds 
were reviewed by Bar (2009). 
Proteomics studies have focused on determining which genes are expressed in specific 
t issues and how these genes and their resultant proteins are regulated and interact. 
Several studies have examined gene expression in the oviduct (Brianne et al., 2014; Marie 
et al., 2015; Jeong et al., 2012; Jonchere et al., 2010, 2012; Liu et al., 2013). 
8 Summary and future trends 
The molecular tools described in th is chapter - genome-wide analysis, genomic selection, 
candidate gene analysis, gene expression studies and pathway analysis, complement 
each other in achieving a better understanding of the genetic determination of egg-
quality traits. Identification of causal mutations can be used to eliminate egg defects from 
populations by selective breeding, as was successfully achieved in some populations for 
the fishy taint mutation. 
One of the chal lenges with breeding to improve egg-quality is that trait expression 
is limited to females. Males carry the genetic variation, but the impact of this variation 
cannot be measured directly in the males. Thus, selection of males with desirable genetic 
variation must be done indirectly through performance records of sisters, mothers and 
other female relatives included in the pedigree used in analysis for prediction of breeding 
values. If genetic variation can be identifi ed in males at an early age, genetic selection 
can be applied directly to the males, thereby increasing the accuracy of male selection. 
Selection based on genet ic variation within males can be attained by using the recently 
developed tools of molecular genetics. 
The recently developed genetic manipulation tool Clustered Regularly lnterspaced Short 
Palind romic Repeat (CRISPR) (Cong et al., 2013) allows rapid and highly specific editing of 
genes. The result ing animals are not transgenic, as they do not contain recombinant DNA. 
The genome is altered to produce a very specific and desired change in a gene to improve 
a particular trait. The introduced changes mimic the naturally occurring variations that are 
found in other breeds. This efficient gene editing technique has been successfully used to 
alter a viral receptor gene resulting in p igs that are genet ically resistant to infection with 
the Porcine Reproductive and Respiratory Syndrome (PRRS) virus (Whitworth et al., 2015). 
Certain breeds of cattle are genetically hornless; the underlying gene variant causing th is 
was introduced into horned dairy cattle, resulting in the production of hornless dairy cattle 
(Tan et al., 2013). This was achievable because the underlying genetic basis for these 
traits was well known. Most t raits of importance for egg quality are likely to be influenced 
by variants with small, cumulative effects. In a recent simulation study, manipulation 
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of multiple sites by gene editing in combination with genomic selection showed an 
improved response to selection compared with genomic selection alone (Jenko et al., 
2015). For chickens, resistance to disease (such as avian influenza or Newcastle d isease), 
enhanced phosphate util ization and egg quality are all traits of interest for commercial egg 
production. The genes involved with these traits and the desirable genetic variation must 
first be identified and their effects on the interrelated tra its influencing egg production 
must be understood before these types of technologies can be uti lized. 
Use of gene edit ing in an efficient and responsible manner will require deep understanding 
of the biology of the bird, the physiology of egg production, the interrelationships of the 
approximately 20000 genes and their resulting proteins, and the functioning of the whole 
organism as a connected system. Genomic selection is an intermediate tool that improves 
accuracy of selection without the need to identify causative mutations or to carry out 
technical interventions to the genome. 
9 Where to look for further information 
The information contained in this chapter represents a review of available literature on 
the topic of molecular breeding and egg quality traits in the chicken. The review of 
genes does not represent an exhaustive review of the literature, but rather examples 
of works published with focus on potential genes that influence egg quality traits. This 
material with in this chapter was completed in December 2015. There is much interest 
in the improvement of egg quality traits, and the application of molecular methods 
to enhance selection progress for these traits. The public accessibility of the chicken 
genome sequence, the development of tools for analysis of the genom e, and continual 
investigations into the function of genes within organisms ensures that research will 
continue in these newly developing arenas util izing DNA based information. Many 
open access journals are publishing research in this area of study and many non-open 
access journals are accessible th rough searches of PubMed Central (http://www.ncbi. 
nlm.nih.gov/pmc/) which is a free archive of literature from multiple biomedical and 
life sciences publications collated by the US National Institute of Health. Database 
including published OTL and tools for comparative genomic analysis are available at 
www.animalgenome.org. 
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